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1. Introduction P robe-corrected spherical near-field antenna measurements con stitute an accurate method for characterizing the radiation of antennas [1] . Typically, the probe-corrected spherical near-field antenna measurements are based on the use of a first-order ( IJ = ±1) probe and the application of the traditional first-order probe correction [1] .
Examples of typically used first-order probes are an open ended circular waveguide probe, and a conical hom fed by a circil lar waveguide, excited with the TE)) waveguide mode [lJ. Square and rectangular waveguide probes, although being odd-order probes [2] , approximate first-order probes to such an extent that they are sometimes applied together with the first-order probe cor rection [3] .
Due to the finite accuracy of manufacturing of probes, even nominally first-order probes are never exactly first-order probes. For this reason, the application of the traditional first-order probe correction technique, together with a real first-order probe, pro vides a small error in the predicted radiation pattern. If the probe has been manufactured well, the errors in the far-field prediction are typically negligible. For a poorly-manufactured fi rst-order probe, the errors may be unacceptable. Similarly, using a square or a rectangular waveguide probe together with a first-order probe correction technique may provide acceptable accuracy in some applications, whereas in other applications � in particular, e.g., in an off-axis measurement [4] � accurate far-field prediction will typically not be obtained.
A high-order (IIIJI > I ) probe-correction technique can be applied to avoid the requirement for tight manufacturing tolerances of the probes andlor the requirement of using a first-order probe for accurate antenna-pattern characterization [5] . Compared to the first-order probe correction, a disadvantage of most known and practical high-order probe-correction techniques is their higher computational complexity.
A computationally efficient iterative probe-correction tech nique was presented recently in [6] . This technique is well-suited for non-ideal first-order probes. Furthermore, the examination reported in [5] showed that the iterative probe-correction technique can, in some cases, be used for other probes, too, e.g., for an open ended rectangular waveguide probe, and thus not only for non-ideal first-order probes. Yet, the same examination has also revealed that the technique fails in some other cases.
The purpose of this paper is to show that the iterative probe correction technique can be applied for probes other than non-ideal first-order probes. Some guidelines for the application range of the technique are given. These results were obtained by simulations of spherical near-field measurements of an AUT (antenna under test) model at several frequencies, using a probe model representing a dual-ridged hom.
In this paper, the theory related to the iterative probe-correc tion technique is first presented in Section 2. Second, the AUT and the probe models used in the simulations are presented in Sec tion 3. Simulations and results are presented in Section 4. Finally, the conclusions are drawn in Section 5.
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2. Theory
Spherical-Wave Expansion
In conventional probe-corrected spherical near-field antenna measurements, the fields radiated by both the AUT and the probe, outside their minimum spheres, are expressed by spherical-wave expansions. For the AUT, this is expressed as 2 N n E(r,B,¢)=kJi!LL L QsmnF,��(r,B,¢), (I) s=l n=l m =-n where (r, B, ¢) are the standard spherical coordinates, k is the wavenumber, ,., is the intrinsic impedance of the medium, N is the truncation number for the spherical-wave expansion, the Qsmn are the spherical-wave coefficients associated with the AUT field, and the Fs�� ( r, B,¢) are the spherical vector wave functions (1).
The spherical-wave expansion of Equation (1) also holds for the electric field of the probe by replacing the indices (s, m, n ) by (O",IJ,v), Nby vma:p and Qs m n by og�. The formulation of the probe-corrected spherical near-fi eld antenna measurements is based on the assumption of the known probe receiving coefficients, R��. For a reciprocal probe, these are related to Q �� as follows:
It is typically sufficient to truncate the spherical-wave series of the AUT at N =[kro]+IO, where r o is the radius of the minimum sphere of the AUT, and a similar expression holds for the probe, as well.
Transmission Formula
The signal received by the probe at the position (r,8,¢) is expressed as a function of the spherical-wave coefficients of the AUT field and the probe receiving coefficients. This relation, the transmission formula, can be expressed as [I] w (r ,x,8, ¢ ) = LLLQsmnLe i m ¢ dZm (B)/J.1% �V:� (kr), (2) 
where X is the probe rotation angle, dZm (B) is a rotation function defined in [I] , and the probe response constants are
where the C��(�) (kr) are the translation coefficients defined in [I] .
The geometry related to the probe-corrected spherical near-field antenna measurements is presented in Figure I . 
Iterative Probe-Correction Technique
The iterative probe-correction technique presented in [6} is now briefly reviewed. First, the received signal in the transmission formula is written as a sum of the desired signal, Wd (r'X,e,¢), and the error signal, We (r, X,e,¢), where n=1 m=-n s=1 .u=± I
and n=1 rn=-n s=I.u"± I
Note that the equations for the desired and error signals differ only in the j.J summation. In case of an ideal first-order (j.J = ±l) probe, the application of the traditional fi rst-order probe-correction tech nique would provide a correct solution to the unknown Qsmn because the error signal, we (r. X,e, ¢), would be zero. In practice,
we (r,X.e,¢) in Equation (6) is always nonzero. The iterative probe-correction technique [6] is based on the idea of first estimating the Qsmn of the AUT field sufficiently accurately using the traditional first-order probe-correction tech nique, i.e., by neglecting the zeroth and higher-order modes of the probe. Thus, in general, the smaller is the ratio between we (r,x, e,¢) and Wd (r,X,e,¢), the more accurate is the estimate of the Q srnn of the AUT. The Qs mn estimated this way are called the zeroth-round estimate of the Q smn of the AUT (Q��n)'
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The iterative technique consists of three steps. These three steps are illustrated in Figure 2 , where the data flowchart of the iterative probe-correction technique is presented. First, the error signal, wil), is estimated by calculating it from Equation (6) using Q��n' Second, the estimated error signal is subtracted from the original received signal, w. The signal thus obtained is called the first-round estimate of the desired signal, w�l). Third, the tradi tional first-order probe correction is applied to the first -round esti mate of the desired signal to provide a first-round estimate of the Q s mn of the AUT (Qi� n )' At this point, one iteration round has been accomplished. The second round starts by re-estimating the error signal by using Equation (6), but now by using Q}2n . 
AUT and Probe Models
The AUT and the probe models used in the simulation of this paper were represented by sets of spherical-wave coefficients of the AUT (Q"mn) and by sets of re ceiving coefficients of the probe (R�� ), respectively. In the following, the AUT and probe models are described.
AUT Model
The AUT model was constructed from the antenna shown in Figure 3 . This antenna consisted of nine H uygens sources separated by J:.!2. Figure 3 , but it was a very accurate approximation of the radiate d field of the antenna. This was mainly due to the truncation errors in perfonning the sphe rical-wave expansion.
In Figure 4 , the co-polar directivitics of the AUT model, calculated according to Ludvig's third definition [7] , are presented for the ¢ = O�, 45°, and 90° planes, with th e reference angle ¢o '" 90°, The peak co-polar directivity of the AUT model was approximately 14.2 dBi. axis 
Probe Models
A set of the probe receiving coefficients was determined from the radiation patterns of a real dual-ridged hom, measured at the :: : 
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. truncated sets of probe receiving coefficients then represented the probe models, and the corresponding probe models were named probel, probe2, probe3, and probe4. The }.i-mode power spectra for the probe models are presented in Figure 6 .
Simulations and Results
The simulations of the spherical near-field antenna measure ments were conducted for the AUT model with the four probe models with varying frequencies, measurement distances, and off axis distances. The applied frequencies, measurement distances, and off-axis distances for a given probe model are shown in Table 1 . For cach simulation case, the received signal was calcu lated from the transmission formula of Equation (2). The iterative probe-correction technique was then app lied to the calculated received signal. In most cases, just one or two iteration rounds were required to arrive at a converged result.
In Table 2 , the errors in the directivity for the AUT model in angular regions A and B are given for the first-order probe correc tion and for the iterative probe correction with two iteration rounds. Region A refers to those angular directions in the ¢ = 0° , 45°, and 900 planes in the main beam where the co-polar directivity was greater than 1 dBi. Correspondingly, region B refers to those directions where the co-polar directivity was between -5 dBi and I dBi. Region B thus covered mainly the first sidelobes in the ¢ = 0° and 900 planes, but also included a narrow angular region in the main beam.
The results in Table 2 show that the application of the itera tive probe-correction technique with just two iterations always provided a much smaller error than the application of the first order probe correction, and, in most cases, the resulting error was negligible.
In some cases, e.g., for probe4 with d = 30,1., two iterations
were not sufficient to provide accurate co-polar directivity. In this particular case, the iterations were also performed further, up to 1", 5, and a maximum error in co-polar directivity of less than
between the measurement distance, r, and the radius of the mini mum sphere of the AUT, ro [4] . This effect was also seen in Table 2 for every probe by foHowing the trend of errors for the first-order correction as a function of the value of rlro .
We now take the results for probe 1 into closer consideration.
It was seen from Figure 6a that the modal power of the probe 1 with JJ = ±3 was approximately -12 dB relative to the power at JJ = ±l, while the power at other modes was relatively low. For this probe, the results in Table 2 showed that the iterative probe-correction technique with just two iterations provided the co-polar directivity with negligible errors for many practical purposes in regions A and B at measurement distances r � 1.9ro .
Simi larly, e.g., for probe4, the powers in modes with p = ±3, JJ = ±S. and JJ = ±7 were approximately -10 dB, -13 dB, and -20 dB, respectively, relative to the powers in modes with p = ±l.
Again, the power in the other modes was relatively low. For this probe, the errors in the co-polar directivity in regions A and B were practically negligible for r > 5r o as determined by the iterative probe correction with just two iterations. Increasing the number of iterations will provide more accurate results. For instance, in the casc of probe4 for r = 1.8ro, the error in the co-polar directivity in regions A and B was less than 0.05 dB with fi ve iterations (I = 5 ).
Simulations were also performed to test the iterative probe correction technique against noise, probe-pattern calibration errors, and inaccurate channel balance. These tests indicated that the iterative probe-correction technique was essentially equally sensi tive to listed errors as the first-order probe-correction teChnique.
Some of these results were reported in {9J.
It is further noted that in this paper, the iterative probe correc tion technique was investigated mainly in the case where the num ber of iteration rounds was fixed at two. However, it may be neces sary to apply a certain criterion to stop the iterations in some prac tical applications of the technique. This issue was briefly touched upon in [6] .
Summary and Conclusions
An examination of the application of the iterative probe-cor rection technique has been reported. It has been shown by an extensive series of computer simulations for a rcalistic AUT model and a realistic probe model at four different frequencies that the iterative probe-correction technique can be used for probe correc tion, and also for other than non-ideal first-order probes in spheri cal near-field antenna measurements.
Some tentative guidelines on the applicability range of the the main beam and in the first side10bes were practically negligible with just two iterations. The Ji-mode spectrum of, e.g., an open ended rectangular waveguide probe in its t}pical operating fre quency fulfils the above-mentioned criteria for the modeled power This high-level antenna symposium and exhibition was attended by delegates from the US, Canada, Asia, and many different European countries. The technical contributions were of top quality, and a balance was reached between academic and industrial content. Five students received Best Paper Awards.
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